Seagrass meadows are ecologically important habitats that are declining globally at an accelerating rate due to natural and anthropogenic stressors. Their decline is a serious concern as this habitat provides many ecosystem services. Eelgrass (Zostera marina) is the dominant seagrass species in the western North Atlantic. It has recently been established that invasive tunicate species possibly threaten the health of eelgrass beds. Colonization of eelgrass leaves by tunicates can inhibit eelgrass growth and may cause shoot mortality. To document the distribution and diversity of tunicate species that attach to eelgrass in the western North Atlantic, we surveyed twenty-one eelgrass sites from New Jersey to Newfoundland. Eight species of tunicates were found to be colonizing eelgrass, of which 6 are considered invasive. Botrylloides violaceus and Botryllus schlosseri were most commonly attached to eelgrass, with B. schlosseri having the largest latitudinal range of any species. Tunicate faunas attached to eelgrass were less diverse north of Gloucester, Massachusetts, where individual survey sites exhibited two species at most and only 4 of the 8 species observed in this study. Percent tunicate cover on eelgrass tended to fall within the 1-25 range, with occasional coverage up to >75-100. Density of eelgrass was highly variable among sites, ranging from <1 to 820 shoots/m 2 . The solitary tunicate Ciona intestinalis was only found on eelgrass at the highest latitude sampled, in Newfoundland, where it is a new invader. The tunicates observed in this study, both solitary and colonial, are viable when attached to eelgrass and pose a potential threat to overgrow and weaken seagrass shoots and reduce the sustainability of seagrass meadows.
Introduction
Seagrasses are submerged marine angiosperms that inhabit many of the world's coastlines. Zostera marina (Linnaeus, 1753) , called eelgrass, is the dominant seagrass species in New England and Atlantic Canada, where it grows in lower intertidal and shallow subtidal waters. Eelgrass meadows provide many important ecological functions and services, including coastal protection, maintenance of fisheries and biodiversity, provision of food, purification of water, and sequestration of carbon (Barbier et al. 2011) . Seagrasses are subject to a number of stressors and as a result their distribution is declining globally at an accelerating rate (Short et al. 2007; Waycott et al. 2009 ). Recently, overgrowth of eelgrass leaves by species of tunicates has been identified as a probable additional stress on eelgrass (Wong and Vercaemer 2012) .
Tunicate (Ascidiacea) populations in New England and Atlantic Canada have changed over the past half century. In Massachusetts, the tunicate fauna was chiefly native species as documented in 1945 by van Name and in 1964 by Zinn and Abbott. They were minor members of fouling communities in harbors and aquaculture facilities. Several non-native tunicates were introduced to southeastern New England in the 1970s and 1980s, and by the turn of the century the tunicate fauna was dominated by non-native species (Pederson 2005; Carman et al. 2007; ).
Tunicates are now major members of the fouling communities in harbors and aquaculture facilities. Similar changes have occurred in southern New England (Whitlatch and Osman 2001; Altman and Whitlatch 2007) , northern New England , and maritime Canada (Howes et al. 2007; Bourque et al. 2007; Locke et al. 2007; Callahan et al. 2010; Kanary et al. 2011; Sephton et al. 2011; Vercaemer et al. 2011; Ma et al. 2011; Sargent et al. 2013; Moore et al. 2014) .
The number of tunicate species that colonize eelgrass may be increasing, and eelgrass may be facilitating tunicate range expansion both by providing substrate in areas where the seabed is inhospitable to tunicates and by serving as a potential dispersal mechanism (i.e. rafting of tunicates on floating plant debris). Non-native, invasive tunicates Botrylloides violaceus Okra, 1927 , Didemnum vexillum Kott, 2002 , Diplosoma listerianum (Milne-Edwards, 1841 , Ascidiella aspersa (D.F. Müller, 1776) and Botryllus schlosseri (Pallas, 1766) were recently observed attached to eelgrass at Martha's Vineyard in southeastern New England . Before 2010, D. vexillum, D. listerianum, and A. aspersa were not previously known to use eelgrass as substrate Due to the potential negative impacts resulting from the interaction between tunicates and eelgrass, our goal was to make the first attempt to determine the distribution and diversity of tunicates attached to eelgrass along the northwest Atlantic coast, and to document the degree of colonization of eelgrass by tunicates.
Methods
Investigators selected eelgrass meadows to survey for tunicates from July to October 2013 ( Figure  1 ). In some cases, tunicate observations were coupled with ongoing eelgrass investigations; in others, specific surveys were conducted. Due to the large number of different investigators involved (n=15), and the facultative nature by which data were compiled from disparate research groups, it was not possible to standardize survey methods for this initial study. Data collection ranged from qualitative underwater observations (snorkel, SCUBA, wading) with no sample collections to quantitative underwater quadrat sampling. Quadrat samples (0.25 cm × 0.25 cm or 0.50 cm × 0.50 cm) were collected in different ways. At some sites, quadrats were dropped randomly within a meadow; at other sites, they were dropped along 50 to 100 m transects using either a systematic or random approach. Eelgrass and tunicate measurements were made in situ or in the lab on harvested quadrat contents. Coverage by tunicate species was measured visually using 5 categories of percent cover (0, 1-25, >25-50, >50-75, >75-100). Some investigators also documented the density of eelgrass (number of shoots/area) and canopy height (distance from the sediment to the top of the canopy, ignoring the tallest 20% of the leaves, following Duarte and Kirkman 2001). Table S1 .
Study site characteristics

New Jersey
Barnegat Bay forms a long, narrow basin that is separated from the ocean by a series of barrier islands. The bay side of the barrier beach was inspected along two north-south transects.
New York
Moriches Bay is an enclosed embayment located behind a barrier beach along Long Island's south shore. The eelgrass meadow is located approximately 3 km east of Moriches Inlet in Westhampton Dunes, New York. The meadow is shallow (<2 m deep), with a tidal range of <1 m.
Massachusetts Stonewall Pond
Stonewall Pond is a shallow coastal pond in the Menemsha Pond system located on the southwest coast of Martha's Vineyard. It has restricted access to the sea and lies in an area of low anthropogenic impact. Water depths are <3 m, and the tidal range is <1 m. 
Sandwich
The study site is at Town Beach, which is open to Cape Cod Bay with a tidal range of 3 m. The area surveyed was an intertidal pool with a depth of <1 m at low tide.
Nahant
The eelgrass meadow occurs in a depth range from 1 to 5 m below MLW. The meadow covers most of a cove on the south side of the peninsula and is exposed to the sea to the southwest.
Salem
A small eelgrass meadow in Salem Sound lies at a depth of 2 m below MLW. The site is protected in all directions.
Gloucester
The eelgrass meadow lies in a depth range of 1 to 5.5 m below MLW and parallels a sandy beach (Niles Beach) in Gloucester Harbor. It is exposed to the sea to the southwest.
New Hampshire
Great Bay A large eelgrass meadow occurs at a depth of 1.5 m below MLW. Great Bay is an inland sea, well protected from waves and prevailing storms. The bay experiences periods of very low salinity resulting from rainfall runoff.
Little Bay
A large eelgrass meadow occurs at an elevation only slightly deeper than in Great Bay. Little Bay is part of an inland sea system that includes Great Bay and also experiences seasonal periods of very low salinity.
Maine
Maquoit Bay is a shallow, protected embayment that forms the northwestern extent of the Casco Bay estuary. Observations were made in an eelgrass bed on the eastern shore of the bay, close to Mere Point, at a depth of about 1.5 m below MLW.
Nova Scotia Lower Three Fathom Harbour
Lower Three Fathom Harbour is a lagoon with restricted access to the open ocean. A relatively small, patchy eelgrass bed occurs in sediments that are primarily silt at a depth of 1 m relative to MHT (mean high tide).
Crescent Beach
Crescent Beach is located behind a barrier beach with full hydrologic exchange. A large, continuous eelgrass meadow lies in silt and mud sediments at 2.5 m below MHT.
East Petpeswick
Eelgrass at East Petpeswick is located on an elevated platform along a channel that is exposed to strong tidal currents with full hydrologic exchange, in sand and mud sediments at 1.5 m deep (MHT).
Second Peninsula
Second Peninsula is a protected site, with very highly depositional, silt sediments at 2.5 m deep (MHT). 
Results
In total, 21 sites were sampled from July to October 2013 (Supplementary material Table S1 ) and a total of 8 species were identified: 5 nonnative species, including the solitary Ascidiella aspersa, and colonial Botrylloides violaceus, Botryllus schlosseri, Didemnum vexillum and Diplosoma listerianum; 2 native species, including the colonial Didemnum albidum (Verrill, 1871), and solitary Molgula manhattensis (Dekay, 1843); and 1 species considered native in the US and non-native in Canada, solitary Ciona intestinalis (Table S1 ; Figure 1 ). The most common species were B. schlosseri and B. violaceus (13 sites each). The least common species were native species D. albidum (1 site) and M. manhattensis (2 sites).
Tunicate coverage within a meadow, within a quadrat, and on a single plant was patchy (i.e. with irregular occurrence, with some areas of high coverage and others with low to no coverage), and some of the eelgrass areas that were surveyed contained no tunicates (Table S1 ). It is unknown if the tunicate species observed in eelgrass meadows were present elsewhere at their respective sites, attached to other substrate types. Tunicates occurred on eelgrass at different water depths throughout the region, from intertidal to subtidal habitats. The most common percent cover of tunicates on eelgrass was 1-25%. Although uncommon, some tunicate coverage on eelgrass approached >75-100%. At the site with the highest tunicate cover (Placentia Bay (Northeast Arm), NF), a large amount of eelgrass detritus was also heavily fouled (75-100%) by B. schlosseri. Eelgrass density dropped substantially at this site from 2012, possibly due to bioturbation (i.e. digging for prey or burrowing for shelter) by the invasive green crab (Carcinus maenas Linnaeus, 1758). Canopy height of eelgrass, where measured, ranged from 19-80 cm, and tunicates were present on all range of lengths of eelgrass blades. The shortest canopy height measured was at Stonewall Pond (19 cm) where the greatest diversity of tunicates (n=7) was observed on eelgrass.
The diversity of tunicates on eelgrass beds decreased north of Gloucester, Massachusetts, with only 1 or 2 species present at survey sites. Ciona intestinalis was found on eelgrass and other marine plants only in Newfoundland, where it is a new invader. Botryllus schlosseri displayed the greatest latitudinal range; and B. violaceus and B. schlosseri were the only species growing on eelgrass in both the US and Canada. Ascidiella aspersa, D. albidum, D. vexillum, D. listerianum and M. manhattensis occurred on eelgrass only in the US (Table S1 ).
Discussion
The purpose of our study was to document the distribution and diversity of tunicate species that attach to eelgrass along the coasts of the northwest Atlantic Ocean. While our study was latitudinal in design, it also included a longitudinal range from W 55° to W 74° because of the aspect of the North American Atlantic coastline. Nonnative and native species of tunicates were observed to grow on eelgrass throughout the study area (Table S1 ). Tunicate distribution in eelgrass was irregular, similar to patchy growth documented for other epifauna on seagrass in intertidal habitats (Barnes and Hamylton 2015) .
Where measured, the average canopy height of eelgrass ranged from 19 to 80 cm.
At most sites, density of eelgrass ranged from 127 to 820 shoots/m 2 (Table S1) , and there were no apparent differences in eelgrass density between study sites that could be attributed to the effect of tunicate colonization. At the site at Placentia Bay (Northeast Arm), Newfoundland, where eelgrass density was <1 shoot/m 2 and much reduced in 2013 compared to 2012, the reduction was more likely due to green crab behavior than to tunicate colonization.
The different methodologies used and the large number of investigators (n=15) in our study may have influenced our results. A future study to document site differences in tunicate colonization on eelgrass may want to use a more standard methodology and fewer investigators.
The most common species of tunicates on eelgrass were non-native species (Table S1 ). Of the 8 species found attached to eelgrass, 5 are considered non-native, 2 are native, and 1 is native in US but non-native in Canada. Most of the meadows surveyed exhibited 2 or 3 species, except for Stonewall Pond in Massachusetts where 7 species were recorded. Tunicate faunas attached to eelgrass were less diverse north of Gloucester, Massachusetts, where individual survey sites exhibited two species at most and only 4 of the 8 species observed in this study. Three of these four species are very aggressive colonizers (B. violaceus, B. schlosseri, C. intestinalis) . At Gloucester and to the south, the number of species at a site ranged from 1 to 7, and 2 of them are aggressive colonizers (B. violaceus, D. vexillum) . The low diversity north of Gloucester could be due to a decrease northward in water temperature and/or to a lack of opportunities for southern species to rapidly spread northward.
It is notable that tunicates were not found on eelgrass meadows located in Great Bay and Little Bay, New Hampshire. These sites are located in an estuarine system where salinity ranges from near marine (~30 ppt) to single digits (CICEET 2015) in response to seasonal rainfall runoff. Eelgrass beds occurring in waters that experience constant or seasonal low salinity likely will not be colonized by the tunicate species observed in this survey.
The colonial B. violaceus most commonly occurs in temperate climates (Callahan et al. 2010; Ma et al. 2011) , which may explain why it was found along the deep (3-4 m) transect but not the shallow (2-3 m) transect in Little Bay, Newfoundland, where water temperatures would be more extreme.
Ciona intestinalis, a documented invasive pest species at blue mussel aquaculture sites at PEI (Locke et al. 2007 ) and Nova Scotia , recently appeared in Newfoundland where it attached to eelgrass and kelp (Sargent et al. 2013) . In the present study, C. intestinalis was found on eelgrass only in Newfoundland. The species has also been documented using eelgrass as substrate in Denmark (Petersen and Svane 1995; Petersen et al. 1997) . These occurrences suggest that eelgrass beds may be susceptible to colonization by C. intestinalis primarily in northern regions (i.e., cooler latitudes of the temperate zone).
The tunicate species observed in this study most commonly colonize hard (or firm) substrates such as rocky seabed, docks, floats, aquaculture gear, and other anthropogenic materials. Our observations show that seagrasses are also suitable substrates for attachment by these species over a wide latitudinal range. However, seagrasses provide a non-permanent substrate as they are vulnerable to damage and removal by strong currents, sedimentation, and pollution. The tunicates observed in this study, both solitary and colonial, are viable when attached to eelgrass and pose a potential threat to overgrow and weaken seagrass shoots and reduce the sustainability of seagrass meadows. In addition, the colonization of eelgrass leaves by tunicates may reduce the habitat value of eelgrass for other organisms. For example, tunicates could occupy space that would otherwise be used for attachment by larvae of the bay scallop, Argopecten irradians (Lamarck, 1819). Scallop larvae will not settle on D. vexillum (Morris et al. 2009 ), nor will juvenile or adult scallops attach to it (Valentine et al. 2007 ). Other sessile invertebrates may be similarly impacted by tunicate overgrowth. More work is needed to assess such ecosystem impacts of tunicate colonization of eelgrass.
